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TECHNICAL NOTE NO. 136!;. 

STRENGTH ANALYSIS OF STIFFENED BEAM WEBS 
By Paul Kuhn and James P . Peterson 


SUMMARY 


A previously published method for strength analysis of stiffened 
shear wets has teen revised and extended. A set of formulas and 
graphs which cover all aspects of strength analysis is given, 
experimental data are presented, and the accuracy of the formulas 
as judged ty comparison with these data is discussed. Revisions 
of some formulas have resulted in improved agreement with experi- 
mental stresses and with more rigorous theory, particularly for 
low ratios of applied shear to buckling shear. The scope of the 
experimental evidence has teen gi-eatly increased compared with the 
previous paper by incorporating the results of several investigations 
undertaken since then. 


INTRODUCTION 


Many of the shear wets used in aircraft structures are so thin 
that they buckle at a fraction of the ultimate load. A purely 
mathematical theory of basically simple form has been developed 
for the limiting case of webs so thin that their resistance to 
buckling is entirely negligible (reference l) . This theory of 
"pure diagonal tension" is too conservative for practical use 
because the resistance to buckling of practical webs - incomplete- 
diagonal-tension webs" - is far from being negligible. A mathe- 
matical theory of incomplete diagonal tension has been developed 
(reference 2), but it requires such extensive calculations that 
its adaptability to stress analysis is questionable; moreover, no 
adequate check of its accuracy by comparing it with test results 
over a wide range has been published, and it is not sufficiently 
complete to explain upright failures, probably the most important 
item in the design of web systems . 

In the face of such difficulties, practical stress-analysts 
have often resorted to entirely empirical formulas. There are 
two objections to such a procedure: Without the benefit of some 
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guiding theory, a very large number of testa is required to insure 
the reliability of a given formula, and a formula established for 
the strength of one part of a beam is usually of little, if any, 
help in establishing formulas for other items. 

The method of analysis given herein constitutes an attempt 
to avoid insofar as possible the objections to purely theoretical 
or purely empirical methods. The basis of the method is a semi- 
empirical engineering theory of incomplete diagonal tension, made 
as simple as possible by confining attention to over-ull or average 
effects. The theory is formulated in such a way that the limiting 
conditions of fully developed diagonal tension and of zero diagonal 
tension (so-called "shear-resistant web ) are included; it can 
therefore be regarded as an aid for interpolating between these 
limiting conditions. 

Tiie analysis is divided into two parts. The presentation of 
the theory and of the design formulas is given in part I and is 
kept very brief in order to approach as closely as possible the 
final form that it would take in a Btress manual. Part II 1 b 
devoted to a discussion and experimental verification of the 
formulas; it incorporates the results from a number of previous 
investigations. In order to keep the length of thi3 part also 
to a minimum, the discussion ha3 been confined to items of decided 
practical interest. Reading of part II is not necessary if 
interest is confined to routine application of the design formulas 
but is indispensable for anybody who wishes to interpret test 
results or to extend or modify the formulas in any respect. 

The theory is basically the same aB that previously published 
in references 3 and 4, but it has been modified in some respectB 
and therefore supersedes the material given in these references. 


SYMBOLS 


A cross-sectional area, square inches 

E Young’s modulus, ksi 

G- Bhoar modulus, ksi 

H force in beam flange due to horizontal component of 

diagonal tension, kips 

I moment of inertia, inches^ 
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length of "beam, inches 
force, kips 

static moment about neutral axis of parts of cross 
section as specified by subscript, inches3 

coefficient of edge restraint (see formula (7)) 

transverse shear force, kips 

spacing of uprights, inches 

distance from median piano of web to centroid of 
(single) upright, inches 

depth of beam, inches (see Special Combinations) 
diagonal - tension f ac tor 

thickness, inches (used without subscript signifies 
thickness of web) 


angle between neutral axis of beams and direction of 
diagonal tension, degrees 

deflection of beam, inches 

normal strain 

centroidal radius of gyration of cross section of upright 
about axis parallel to web, inches (no sheet should 
be included) 

normal stress, ksi 


T 


shear stress, ksi 


Subscripts 


DT diagonal tension 

F flange 

S shear 
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upright 

web 

critical 

ultimate 

effective 


Special Combinations 

internal force in upright, kips 

shear force on rivets per inch run, kips per inch 

total shear strength (in single shear) of all rivets in 
one upright, kips 

upright spacing measured as shown in figure 5 ( a ) 

depth of web measured as shown in figure 5(a) 

depth of beam measured, between centroid.s of flanges, inches 

depth of beam measured between centroids of web-to-f lange 
rivet patterns, inches 

length of upright measured between centroids of upright- 
to-f lange rivet patterns, inches 

theoretical buckling coefficient for plates with simply 
supported edges 

"basic" allowable stress for forced crippling of uprights 
(valid for stresses below proportional limit in 
compression of upright material), ksi 

• 7a \!pc ’ 

where I P and I T are moments of inertia of compression 
flange and tension flange, respectively! 


flange flexibility factor l< 
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I - THEORY AND FORMULAS 


ENGINEERING THEORY OF INCOMPLETE DIAGONAL TENSION 


In a plate girder subjected to a shear load less than the 
buckling load, the web plate is in a state of pure shear along the 
neutral axis as indicated by the inset diagram in figure l(a) . 

Above and below the neutral axis, normal stresses exist in a 
horizontal direction, but in the investigation of the web for the 
present purpose these stresses may be disregarded, and the stress 
diagram may be assumed valid over the entire depth of the web . 

The web stiffeners carry no stress . 

If the web is thin, it will buckle at a certain critical 
shear load. If the load is increased beyond the critical value, 
the buckle pattern will gradually approach a c onf i gura t i on con- 
sisting of parallel folds (fig. 1(b)). In the theoretical limiting 
case of an infinitely thin sheet, the web carries pure tensile 
stresses in the direction of the folds as indicated by the inset 
diagram in figure l(b) . The angle a which these folds include 
with the horizontal axis of the beam is usually somewhat less 
than 45°. Simple statical considerations show that each upright 
carries a load 


Ptj = Ttd tan a (l) 

as reaction to the vertical component of the web tension, and each 
flange carries a compressive force 

H = — cot a (2) 

2 

as reaction to the horizontal component of the web tension. 
Formulas (l) and (2) can be evaluated once the angle a is known. 
The theory of pure diagonal tension (reference 1) shows that this 
angle is given by the formula 


tan 2 a . ^ (3) 

e - e y 

where e is the strain in the web, is the strain in the 

flanges due to the force H, and gy is the strain in the upright. 
Elongation is considered as positive strain. 
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In a practical thin -vet team, the state of stress in the vet 
is intermediate tetveen pure shear and pure diagonal tension. An 
engineering theory of this intermediate state of incomplete diagonal 
tension may to tased on the assumption that the total shear force S 
In the vet can he divided into tvo parts, a part Eg carried ty 
pure shear and a part S-^ carried ty pure diagonal tension* thus 

S = S s Sjyp 

This expression may te vritten in the form 


•'DT 


= kS 


So - (l - k)S 


(4) 


where k is the "diagonal- tension factor vhich egresses the 
degree to vhich the diagonal tension is developed at a given load. 
With this factor, the state of pure shear is characterized ty k = 0, 
and the state of pure diagonal tension, ty k «= 1. The stress 
condition of a vet element is shovn in figure 2 for the tvo 
limiting cases k = 0 and k = 1 and for an intermediate case. 

The factor k has teen estatlished empirically ty evaluating 
strain measurements on uprights because the stresses in the uprights 
constitute the most sensitive criterion for the degree to vhich the 
diagonal tension is developed. For loads less than five times the 
buckling loads, for which the accuracy of the experimental results 
is often poor, use vas made of the calculations made ty means of 
Levy’s large -deflection theory of plates (references ? and 6). 

From these experimental and theoretical data, it vas found that k 
can te given ty the expression 


k = tanh (o .5 log 10 

\ cr/ 


(5) 


As long as the vet is resisting some compressive stress in a 
diagonal direction, it can also resist some compressive stress in 
the vertical direction and thus assist the uprights. If the 
distribution of these vertical compressive' stresses is assumed to 
te sinusoidal immediately after buckling as indicated in figure 3, 
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the total effective width of sheet cooperating with the upright 
is 0.54. The effective width will decrease as the diagonal tension 
develops and will he come zero for fully developed diagonal tension 
(k = 1) . If the effective width is assumed to decrease linearly 
with k, the effective area contributed by the web to the upright 
is 

A v = 0.5dt(l - k) (6) 

%i e 

A corresponding assumption could “be made for the contribution of 
the web to the flange area as far as resistance to the force H 
given by formula (2) is concerned. This refinement, h or ever , 13 
probably unnecessary in the analysis of beam webs. 

Formulas (4) to (6) are the fundamental formulas which 
generalize the theory of pure diagonal tension to cover the full 
range of incomplete diagonal tension from the limiting case of pure 
shear to the limiting case of fully developed diagonal tension* 

They enable the stress analyst to make a reasonably accurate 
estimate of the stresses in the uprights; the necessity of esti- 
mating these stresses with a much better accuracy than that afforded 
by the theory of pure diagonal tension has been the rjredominant 
reason for developing a theory of incomplete diagonal tension. 

The theory expressed by formulas (4) to (6) defines only the 
u over-all n state of stress in the median plane of the web • It 
does not attempt to give an account of the detail distribution of 
these stresses, nor does it give any account of the bending stresses 
in the web sheet induced by the shear buckles* Consequently, all 
problems that involve the details of the web action require 
additional assumptions or empirical data for their solution. For a 
number of 'items (for instance, forces on the web attachment rivets), 
the magnitude is known for the limiting cases of pure shear and 
pure diagonal tension; for any intermediate case of incomplete 
diagonal tension, the magnitude can then be estimated by inter- 
polating between the limiting cases with the factor k as argument. 
Straight-line interpolation is used unless empirical data or 
theoretical considerations indicate a different law of variation. 
For some quantities, straight-line interpo3.ation is used for 
simplicity and. conservativeness although the theory indicates a 
more complicated law. 

A minor item from the theory of pure diagonal tension should 
be mentioned here* The vertical component of the diagonal tension 
in the wob will bend the beam flangeB as indicated in figure 4. 
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As a result, the tension vill he relieved in some parts of the web 
and correspondingly increased in other parts of the web as indicated 
hy the spacing of the diagonals in the figure. The redistribution 
of web tension, in turn, vill decrease the secondary bending 
moments in the flanges . The theory of these effects is discussed 
in reference 1. 


FOEMULAS FOE STRESS ANALYSIS 
Limitations of Formulas 


The formulas given herein are believed to give reasonable 
assurance of conservative strength predictions provided that 
normal design practices and proportions are used. The most 
Important points under this provision are that the uprights should 

not be too thin ^aay > 0.6 j and that the upright spacing should 

not be too much outside the range 0 .2 < ^ < 1.0. 

Very thin vebs > IpCO^j with single uprights, and very 

thick vebs < 200^ have not been explored adequately. For web 

systems in these ranges, some possibility of unconservative pre- 
dictions may exist. 

The accuracy that may be expected of the strength predictions 
1 b discussed in part II, which presents the experimental evidence. 
Tiie origin of the formulas and the references are also given in 
part II in order to keep part I free from details not necessary to 
the routine application of the formulas. 


Critical Shear Stress 

In the elastic range, the critical shear stress of the sheet 
between two uprights is calculated by the formula 


T 

cr 






U 


+ 



( 7 ) 



MCA TIT No. 1364 


9 


where 


h S3 theoretical buckling coefficient (glvwn In 

fig. 5(a)) for panel of length h c and width d c 
wi th amply supported edges 

d width of sheet between upright.3 measured as shown in 

u figure 5(a) , inches 

h c depth of web measured as shown in figure 5(a), inches 

R^ restraint coefficient for edges of sheet along upright 

(from fig. 5(b)) 

restraint coefficient for edges of shoet along flanges 
(from fig. 5(b)) 

(If d c > h c , substitute h 0 for d c , d c for h c , R d for 
ar.d P. h for P. d .) 


Curves of the critical shear stresses for plates of 24S-T 
aluminum alloy with simply supported edges are given in figure 6. 
To the right of the dashed line, these curves are plots of the 
theoretical equation 



and may he used for most aluminum alloys . To the left of the 
dashed line, the curves represent straight-line tangents to the 
theoretical curves in a nonlogarithmic plot and are valid only 
for 24S-T alloy. 

When the uprights are very thin, the value of T cr obtained 

by formula (7) may be less than that obtained by neglecting the 
ere 3 once of the uprights . Web systems of such abnormal proportions 
should not be designed by the formulas of the present paper. 


Loading Ratio 

The loading ratio is the ratio T / T cr where T is the 
depth-vise average of nominal web shear stress, that is, of the 
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shear stress that would exist in the veh if buckling were 
artificially prevented (by external restraints acting on the web) . 


When the depth of the flanges is small compared with the depth 
of the beam, and the flanges are angle sections, the stress t may 
be computed by the formula 


T 



( 8 ) 


In beams with other cross sections, the average nominal shear 
stress t should be computed by the formula 


_ Wf, 

" it- V 


(9) 


where Qp is the static moment about the neutral axis of the flange 
materiel and Qg is the static moment about the neutral axis of the 

effective web material above the neutral axis. For the computations 
of I and Q, the effectiveness of the web must be estimated in 
first approximation. As second and final approximation, the 
effectiveness of the web may be taken as equa?_ to (l - k), where k 
is tho diagonal- tension factor determined in the next step j in other 
word3, when I and Q are being computed, the effective thickness 
of the web is taken ns (l - k)t. 


Diagonal-Tension Factor k 

After the loading ratio t / T cr has been computed, the 

diagonal- tension factor k can be computed by formula (5) or 
read from figure 7 • 


Average Stress in Upright 

The average stress erg in a double upright (average over 
the length of the upright) is given by the formula 


c TJ = 


kT tan a 


a ? + °' 5(1 ■ k) 
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which follows from formulas (l), ( 4 ), and (6). It can he evaluated 
with the help of figure 8 or figure 9 which give the ratio Og/r 

as a function of the ratio Ag/dt and the loading ratio T / T cr * 

The stress erg is uniformly distributed over the cross section of 
the upright until buckling of the upright begins. 

The stress Cg for a single upright is obtained in the some 
manner, except that the ratio Ag/dt is replaced by Ag^/dt where 


A 


U e = 




-1 j. ' e \ 

1 + Ip) 


(10) 


For the single upright, og is still an average over the length 
of the upright, but it applies only to the median plane of the web 
along the line of rivets connecting the upright to the web. In any 
given cross section of the upright, the compressive stress decreases 
with increasing distance from the web, because the upright is a 
column loaded eccentrically by the weh tension. (For this reason, 
formulas for local crippling based on the assumption of a uniform 
distribution of stress over the cross section do not apply.) 


Maximum Stress in Upright 

The stress eg in an upright varies from a maximum at (or 
near) the neutral axis of the beam to a minimum at the endB of 
the upright ( gusset effect") . The ratio of the maximum stress 
to the average stress decreases as the upright spacing or the 
loading ratio increases. The empirical formula for the ratio i 3 



( 11 ) 


where 



is the value of the ratio when the web has Just 


buckled. The ratio is given graphically in figure 10. 
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Angle of Diagonal Tension 

The angle a between the direction of the diagonal tension 
and the axis of the beam can be found with the aid of figure 11 
after k and ct^/t have been dete rmin ed - 


Allowable Stresses in Uprights 

The following four types of failure of uprights are 
conceivable: 

(1) Column failure 

(2) Forced crippling failure 

(3) Natural crippling failure 

(4) General elastic instability failure of web and stiffeners 

Column failure .- Column failures in the usual meaning of the 
word (failure due to instability, without previous bowing) are 
possible only in double uprights. When column bowing begins, the 
uprights will force the web out of its original plane. The web 
tensile forces will then develop components normal to the plane 
of the web which tend to force the uprights back. This bracing 
action is taken into account by UBing a reduced "effective" column 
length of the upright L e , which is given by the empirical formula 



h U 


1 + k 




( 12 ) 


The stress at which column failure takes place can then be 

found by entering a standard column curve for the upright with 
the slenderness ratio L e /p as argument. 

The problem of column failures in single uprights has not 
been investigated to any extent, and test results are greatly at 
variance with theoretical results. The following two criterions 
are suggested for strength design: 
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(a) The stress ay should he no greater than the column 
yield stress for the upright material. 

(t) The stress at the centroid of the upright (vhich is the 
average stress over the cross section) should be no greater than 
the allowable column stress for the slenderness ratio hy /2p . 

The first criterion accounts for the upright acting as an 
eccentrically loaded compression member; the second one is an 
attempt to take into account a two-wave typo of buckling failure 
that has been observed in very slender uprights. 

Forced crippling failure .- The 3hear buckles in the web will 
force buckling of the upright in the leg attached to the web, 
particularly if the upright is thinner than the web. These buckles 
give a lever arm to the compressive force acting in the leg and 
thereby produce a severe stress condition. The buckles in the 
attached leg will in turn induce buckling of the outstanding legs. 
In single uprights the outstanding legs are relieved to a con- 
siderable extent by virtue of the fact that the compressive stress 
decreases with distance from the web; the allowable stresses for 
single uprights are therefore somewhat higher than, those for double 
uprights. Because the forced crippling is of a local nature, it is 

assumed to depend on the neak value an of the uuright stress 

u max 

rather than on the average value . 

The upright stress at which final collapse occurs is obtained 
by the following empirical method: 

(1) Compute the allowable value of for a perfectly 

elastic upright material by the formula 

c 0 = 28k Jtu/t (for single uprights) (,13a) 

o Q - 25k \|Wt (for double uprights) (13b) 

(2) If a Q exceeds the proportional limit for the upright 
material, use as allowable value the stress corresponding to the 
compressive strain cJq/E . 

(3) If k < O.p, use an effective value in formula (13a) 
or (13b) given by the expression 


k 0 - 0.15 + 0.7k 


(13c) 
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Natural crippling failure The term "natural crippling failure 
is used herein to denote a crippling failure resulting from a 
compressive stress uniformly distributed over the cross section of 
the upright. By this definition, it can occur only in double 
uprights. To avoid natural crippling failure, the peak stress a u mQX 

in tho upright should be less than the crippling stress of the 
section for ^ > 0 . Natural crippling failure does not appear to 
be a controlling factor in actual designs. 

General elastic instability of web and stiff enerB Test 
experience so far has not indicated that general elastic instability 
need be consid.ered in strength design. Apparently, the web system 
is safe against general elastic instability if the uprights are 
designed to fail by column action or by forced crippling at a shear 
load not much lower than the shear strength of the web. It should 
be borne in mind, however, that the test experience available at 
present is not adequate- for very thin and for very thick webs. 

(See section of present paper entitled "Limitations of Formulas.") 


Web Design 


For design purposes, the peek value of the nominal web shear 
stress within a bay is taken as 

T max " T C 1 + *%)(’- + “a) d‘0 

where Cp and C 2 are the factors given in figures 12 and 13, 
respectively. The factor Cp constitutes a correction factor to 
allow for the angle a of the diagonal tension differing from 45° • 
The factor Cg makes allowance for the stress concentration in 

the web brought about by flexibility of the flanges ub discussed 
in connection with figure 4. 

Hie allowable value of T i 3 determined by tests and 

depends on the value of the diagonal -tens ion factor k as well 
as on the details of the web -to -flange and web-to-upright fastenings. 
Figure 14 gives empirical curves for two aluminum alloys . It should 
be noted, that these curves contain an allowance for the rivet 
factor; inclusion of this factor in these curves i 3 possible 
because tests have shown that the ultimate shear stress based on 



MCA TIT No. 1364 


15 


the gross section (that is, without reduction for rivet holes) is 
almost constant within the normal range of rivet factor (Cp >0.6). 
A separate check must he made, of course, to insure that the 
allowable hearing stresses between rivets and sheet are not 
exceeded. 


Rivet Design 

The load per inch run acting on the web-to-flange rivets is 
taken as 


R" « — (1 + 0.414k) 
n R 


(15) 


With double uprights, the web -to -upright rivets must provide 
sufficient longitudinal shear strength to make the two uprights 
act as an integral unit until column failure occurs. The total 
rivet shear strength (single shear strength of all rivets) required 
for an upright is 


2 °coQ 

"tot s * b L e 


(16) 


where 

cr co column yield strength of upright material (if cr co in 

expressed in ksi, R-tot will be in kips) 

Q static moment of cross section of one upright about an 

axis in the median plane of the web, inches3 

b width of outstanding leg of upright, inches 

hu/Le ratio obtainable from formula (12) 

The rivets must also have sufficient tensile strength to 
prevent the buckled sheot from lifting off the stiffener. The 
necessary strength i3 given by the tentative criterion 


Tensile strength (per inch) of rivets >0.1^to ult (17) 


where a^t. is the tensile strength of the web 
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For web-to-uuright rivets on single uprights, the required 
tensile strength is given by the tentative criterion 

Tensile strength (per inch) of rivets >0»22ta u ^ (l3) 

(The tensile strength of a rivet is defined as the tensile load 
that causes any failure; if the sheet is thin, failure will consist 
in the pulling of the rivet through the sheet.) 

No criterion for shear strength of the rivets on single 
uprights has "been established; the criterion for tensile strength 
is probably adequate to insure a satisfactory design. 

The pitch of the rivets on single uprights should be small 
enough to prevent inter-rivet buckling of the web (or the upright, 
if thinner than the web) at a compressive stress equal to cr u rria:x; * 

The pitch should also be less than d/4 in order to justify the 
assumption on edge support used in the determination of t cr . The 
two criterions for pitch are probably always fulfilled if the 
strength criterions are fulfilled and normal riveting practices 
are used. 

The up right -to-flanae rivets must carry the load existing in 
the upright into the flange . 


p u = a tAu 

(for double uprights) 

(19) 

p u = a iAu e 

(for single uprights) 

(20) 


These formulas neglect the gusset effect (decrease of cry towards 
the ends of the upright) in order to be conservative . 

Secondary Bending Moments in Flanges 

The secondary bending moment in a flange, caused by the vertical 
component of the diagonal tension (fig. 4), may be taken as 

M = i- kT td 2 Co (21) 

12 -5 

where C, is a factor given in figure 13* The moment given by 
formula (2l) is the maximum moment in the bay and exiBts at the 
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ends of the bay over the uprights. If C 3 and k are near unity, 
the moment in the middle of the bay is half as large as that given 
by formula (21) and of opposite sign. (See fig. 4.) 


Shear Stiffness of Web 

The theoretical effective shear modulus of a web G e in partial 
diagonal tension is given by figure 15* This modulus is valid only 
in the elastic range . 

II - DISCUSSION 0 7 FORMULAS AND 
EXPERIMENTAL EVIDENCE 


In the follou Ing part of the present paper, the formulas and 
the experimental evidence, are discussed in the sequence in which 
the formulas appear in part I. The experimental evidence presented 
is based on results from manufacturers' tests and tests made in the 
Langley Structures Research Division of the NACA . All test 
evaluations are based on actual material properties insofar as 
possible . 


TEST SPECIMENS 


The analysis covers about 90 beams tested by four manufacturers 
and 32 beams tested by the NACA. Some of the manufacturers' tests 
could not be fully analyzed because the data were incomplete . The 
range of the tests can be defined as follows: 


— . — 

Ratios 

Range 

h/t 

300 to 2500 

d/h 

0.18 to 0.91 

Att/ dti 

0.039 to 1.2 

tu/t 

0.42 to 3.4 


The NACA tests are discussed in greater detail than the 
manufacturers' tests because the strain measurements taken in 
these tests served as the main basis for establishing the 
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diagonal- tension factor k. The essential data on all teams tested 
by the NACA are given herein in condensed form in order to obviate 
the necessity of referring to references 4, 7> and 8. 

Each beam of the NACA series 1 b given a code designation such 
as 1-2 Sr to, with the following meaning: 

I designates the test series of reference 4 (Series II is 
from reference 7, series III from reference 8, series 17 
from recent tests not previously published.) 

25 is the approximate depth of the beam in inches 

4 is the number of the beam within the series 

D stands for double uprights (S for single uprights) 

The basic data on the beams are given by figure l6 and table 1. 

The main results of the strength testa and. of the calculations 
are given in table 2 . 


CRITICAL SHEAR STRESSES 


Formulas for the critical shear stress of a flat plate with 
simply supported edges may be found in reference 9. Formula (7) 
for plates in which the edge conditions on one pair of edges 
differ from those on the other pair of edges was obtained by 
fitting an empirical curve to theoretical results for plates with 
one pair of ed.ges simply supported (R = l) and one pair of edges 
clamped (R = 1.62). The theoretical results were 'taken from 
references 10 to 13. Some of the results given in reference 11 
were shown to be in error by Moheit, whose results are given in 
reference 13 , but corrected, values were not given for all cases 
that may be in error. A definite statement on the accuracy of 
formula ( 7 ) for the case of two edges clamped and two edges simply 
supported can therefore not be made, but it is believed that the 
formula has a maximum error of about 4 percent. 

The restraint coefficients R given by figure 5(b) are based 
on incidental determinations of buckling stresses made in some 
beam tests. ■ It should be realized, first of all, that representing R 
as a function of only tjj/l constitutes a rather extreme simplifi- 
cation of a very complex problem and, furthermore, the experimental 
determination of the critical stress in a beam web is a difficult 
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problem. 'Hi© curves given should, therefore, not be interpreted 
as means for a very exact determination of the critical stress, 
but as means for obtaining an approximate value of the critical 
stress adequate for the purpose of obtaining the diagonal- tension 
factor k. The upper curve of figure 5(^) is believed to be 
reasonably reliable because existing test data agree fairly veil 
with it. Considerable doubt exists about the lover curve, 

try 

particular ly for — < 1.2, because the test data are not only 
very meager but also difficult to interpret. 

Idle part of the curve near the origin is shovn as a dashed 
lino to indicate two facts. One is that no experimental evidence 
was available for this region. The other one is that the appli- 
cation of formula ( 7 ) in this region may give buckling stresses 
lover than those that would be obtained if the presence of the 
uprights were disregarded entirely and the web were considered 
as a plate framed by the beam flanges ar.d the tip and root uprights . 
This obviously erroneous result is caused by the simplifying 
assumptions implied by formula (7); fortunately, it appears very 
improbable that the region in question will be approached in any 
actual web system designed to develop a strength somewhere near 
the shear strength of the web. 


DIAGONAL - TEN 3 1 GN FACTOR k 


Formula ( 5 ) for the factor k was obtained by fitting an 
empirical curve to values of k calculated from the strain 
measurements on the uprights of the MCA test beams. A direct 
comparison of the calculated values of k and the empirical 
expression is not given because it is of much less interest than 
the comparison of the experimental upright stresses with those 
predicted with the aid of the empirical k-curve. 


ANALYSIS CHARTS 


The analysis charts (figs. 8 and 9) were calculated from the 
formula for cttj given in part I under the heading Average Stress 
in Upright." This formula must be evaluated by successive approxi- 
mations because tan a is a function of cry according to formula (3) • 

The flange area vine assumed to be so large that could be 

neglected in formula (3). 
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The uae of tho analysis charts to determine the stresses in 
single uprights by moans of the effective cross-section area Ay Q 

(formula (10)) implies several simplifying assumptions. Formula (10) 
is obtained from the familiar formula for eccentrically loaded 
compression members 



by setting c = e and I c p^A. The implied assumptions are: 

(a) The eccentricity e of the load is constant. 

ft) The ratio e/p is not changed appreciably if the 
contribution of the veb to tho effective cross section of the 
upright is neglected. 

Assumption (a) is plausible if the uprights are very closely 
spaced, because tho web then moves with the uprights (reference l) . 
In general, however, both assumptions can be justified only by the 
fact that they have yielded good agreement with test results . 

Thick webs are likely to require more refined assumptions. If 
either assumption (a) or (b) is dropped, the analysis charts cannot 
be used for webs with single uprights . 


VERIFICATION OF STRESS FORMULAS 


In this section, results obtained by means of the engineering 
theory of incomplete diagonal tension will be compared with 

(a) Experimental stresses deduced from NACA strain measur emen ts 
on uprights 

ft) Upright forces calculated by Levy's theory (references 5 and 6) 

(c) Diagonal-tension factors k deduced from the tests of Lahde 
and Wagner (reference l4) 

Outline of procedure in NACA tests .- In the NACA tests, the 
strains in the uprights were measured with electrical gages. In 
order to obtain a reasonably representative average, a fairly large 
number of gage stations was \*sed on each upright (9 gage stations 
on the 25 - inch beams of series II and III) and measurements were 
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taken on two or three uprights depending on the total number of 
uprights in the “beam. After the strains had "been converted to 
stresses with the help of stress-strain curves obtained from coiipon 
tests, all the stresses for one beam were averaged to obtain the 
final value of eg- shown in the plots. 

Comparison with experimental stresses in double uprights .- On 
double uprights, a pair of gages was used at each strain station 
in order to average out bending stresses. The efficacy of this 
device depends on the degree to which the two 3tiffeners comprising 
the uprights act as an integral unit. A high degree of integral 
action was probably achieved in all the beams discussed herein, 
and will probably be achieved in any beam in which the uprights 
are not thinner than the web, provided that the rivet connection 
is adequate to prevent inter -rivet buckling. 

Inspection of figure 17 shows that the calculated values of c-g 
for double uprights are generally conservative or in close agreement 
with the experimental stresses; the only case of a decidedly uncon- 
servative prediction is beam IV-72-3D at high loads. A somewhat 
curious phenomenon is shown by beam IV-72-ID, for which erg begins 
to decrease with increasing load at a load well below the ultimate. 
The phenomenon appears to be linked to some extent with the effects 
of local buckling or forced crippling. The beam in question had 
next to the lowest ratio of tjjf 1 of all the double-upright beams 
tested, and the same phenomenon was exhibited to a much greater 
degree by the single -upright beam TV-72 - 4 s, which had an even lower 
ratio of tg/t . Some other double -upright beams with a somewhat 
higher ratio of tg/t (beams III-25-4B and III-25-7D) appear to 
indicate a slight tendency toward the same phenomenon. It is, 
therefore, debatable whether c*g really begins to decrease or 
whether the strain readings are falsified by local buckling stresses. 

Comparison with experimental stresses in single uprights .- The 
predicted stresses erg for single uprights are valid only for the 
median plane of the web at the upright in question, whereas the 
strain measurements were taken on the exposed face of the attached 
leg of the upright . In order to permit a direct comparison, the 
predicted stresses were corrected to the plane of measurement, 
assuming linear stress variation in the uprights. 

In single uprights it is not possible to average out banding 
stresses by using pairs of gages. Theoretically, they could be 
almost averaged out If gages were located on each crest and in each 
trough of the buckles, but the buckle patterns cannot be predicted 
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with suff icient accuracy to achieve such a distribution of gages . 

In order to give some idea of the magnitude of the hending stresses, 
figure 17 shows for all beams with single uprights not only the 
average stress o-y "but also the lowest and the highest individual 

stress measured at any one gag::) in any of the uprights of the "beam 
at each load. Inspection of the figure shows that the range from 
the lowest to the highest stress is quite' large. In spite of this 
fact, however, the experimental average stress Oy agrees quite 

well with the predicted stress in most cases, much closer in fact 
than for double uprights considering all tests, except that on the 
single -upright beams the stresses rr-y at the highest loads show a 
tendency to exceed the calculated stresses in a number of cases. 

The phenomenon of a reversal in the curve of cry against load, 
noted for beam IV- 72 -ID, is exhibited very markedly by beam IV-72-4S . 
ThiB beam had a ratio of ty/t of unity, the lowest of all single- 
upright beams tested. The range of individual stresses is extremely 
large. Tensile stresses of large magnitude appear, whereas in all 
other beams the stress remained compressive J that is, the tensile 
stress due to local buckling was always less than the column 
compressive stress in the upright (with minor exceptions for 
beam IV- 72 -23) . 


Comparison with Levy's theory .- On most of the beams tested 
the critical shear stress was too low to permit comparisons at low 
loading ratios r /r cr . The only exceptions were the beams of 
series IV, and, as noted, the results on two of these were presumably 
partly invalidated by local bending effects. Fortunately the region 
of low t jj c r is reasonably amenable to theoretical calculations. 
Levy has developed a svii table theory of plates with large deflections 
and has carried through calculations for several specific cases 
(references 5 and 6) • Comparisons between the results obtained by 
the present semiempirical method and Levy's theoretical results are 
shown in figure 18 . 


The upright load rather than the upright stress is 

shown in figure 18 In order that the result for the theoretical 
limiting case of infinite upright area might be included. The 

a *^11 

agreement for ~ = 0*4 and = 0*25 is very close# For the two 
cases with — = 1.0, the agreement is not so close* Fox- the finite- 
size upright = O.25), the upright load predicted by the present 
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theory is less than that predicted by Levy's theory, with a maximum 

deviation of about 30 percent at - 1.6, for the infinitely large 

T cr 

upright, the deviation ie of the same sign and somewhat larger . 
Although the agreement for £• « 1.0 is not so good as might be 

desired, the agreement for this case as well as for = 0.40 is 

very much better than that shorn in references 5 and 6, which were 
based on the expression for k given in reference 3* 

Knowledge of the strength of beams designed to fail (by 
simultaneous failure of the uprights and the web) at low ratios 
of T /r is very incomplete at present. There are indications, 
however, that for efficient desi.^s the spacing ratio d/h will 
probably be about 1/2. The senj.enpirical method of predicting a-jj 
appears to hold promise, therefore, of giving reasonable accuracy 
in the rang* most important for design even for webs that are 
commonly called shear-resistant webs rather than incomplete- 
diagonsl- tens ion webs . 

Comparison with tests of Lah&e and Waiter .- The comparisons with 
experiments presented so far have been made for the stresses oy 
rather then for the diagonal -tension factor k because the stress 
is the directly measured quantity and is of greater direct interest. 
For the tests reported in reference 14, it is more convenient to 
compare values of the diagonal- tension factor k. These tests were 
not ma.de on actual beams, but on plates In a special test Jig. Hie 
test conditions were somewhat artificial and may not represent the 
conditions existing in a beam very well. There are also doubts 
cone erring the evaluation end interpretation of the test results . 

As a matter of some interest, however, figure 19 shows the graph 
for k obtained by a comparison between formula ( 5 ) and experimental 
values of k deduced from these test results. In view of the 
factors of doubt mentioned, the agreement is perhaps as good as 
can be expected. The fact that the experimental points lie con- 
sistently above the curve may be explained in part by the fact that 
the critical stress has been taken at the theoretical value for 
clamped edges; it is well known that the fully clamped condition 
can be realized only imperfectly in tests, and lack of initial 
flatness would cause a further reduction of the critical stress. 

Maximum stresses Ctt in uprights.- Formula (ll) for the 
u max ~ 

ratio ott /on is based on Levy's theoretical results (references 5 
u max 1 u 

^ c3L 

end 6) for ~ « 1.0 and — = 0.40 and cm the assumption of linear 
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variation with d/h. Linear decrease of the ratio with k toward 
unity at k = 1 was also assumed. 

On single uprights, experimental values of cannot 

"be established with satisfactory accuracy because the local bending 
stresses cannot be eliminated from the measured total stresses . 

Figure 17 shows, therefore, calculated and experimental values of 
a 4 T max only for doul3le uprights. For a number of beams the cal- 
culated curves of o^nax differ ^ ut l i ‘ btle from the curves of cry; 
for these beams the experimental values of sn were so close to 
the experimental values of cry tha-t it wa3 not feasl 4ile to show them 
on the plots. For the other beams the experimental ratios QU ^pt /cu 

are generally of about the same order of magnitude as the calculated 
values. A close comparison is hardly warranted in view of the experi- 
mental Bcatter. 

Distribution curves for are given in figure 20 . The test 

points represent the average of corresponding stations on three 
uprights as well as the average of corresponding stations to either 
side of the neutral axis of the bean; they are, therefore, shown 
only in the lower half of the beam. The curve in the lower half is 
faired through the test points; the curve in the upper half is simply 
the mirror image of the faired curve in the lower half . The curves 
for the series TV beams show a very pronounced influence of the web 
splice plate along the neutral axis of the beams. The splice plate 
tends to act like a beam flange in producing gusset effect; in 
addition, the splice plate adds directly to the cross-sectional area 
of the upright. All these effects were neglected in the analysis, 
as waB the increase in critical 3hear stress caused by the splice 
plate. For purposes of .comparison, however, a second analysis was 
made for six beams with upright failures, based on the assumption 
that the web plate was simply supported along the splice line. This 
assumption is obviously optimistic and yielded predicted failing 
loads 7 nercent greater (average for all six beams) than the analysis 
neglecting the presence of the Bplice plate. Of tho six beams, three 
were from MCA series IV, and three were from manufacturers' tests 
on similar beams. 

f 

ANGLE OF DIAGONAL TENSION 


In a fully developed diagonal-tension field, the direction of 
the diagonal tension coincides irith the direction of the folds in 
the sheet (reference l) » When the diagonal- tension field is 



NACA TN No. 1364 


25 


incompletely developed, as it is in any actual "beam, the diagonal 
tension constitutes a component of stress which iB separated out 
of the total stress purely ma thematically, not physically. Moreover, 
the diagonal tension thus separated from the total actual stress is 
only an average for the entire "bay and does not describe the details 
of the stress variation within the bay. The angle of diagonal 
tension consequently bears only a very loose relation to the physical 
folds in the sheet. A 3tudy of the contour map of a sheet just after 
buckling (reference 9) shows that the folds are curved to such an 
extent that an average direction cannot be defined to any degree of 
accuracy. No attempt has been made, thereforo, to compare computed 
angles of diagonal tension with observed angles of folds. 


ALLOWABLE STRESSES FOP. WEIGHTS 


0 olumn fa llure . - Out of a total of 19 beams with double -upright 
failures analyzed, nine were predicted to fail by column failure . 

In figure 21, the values of cr-y calculated for these be erne at their 

respective failing loads are plotted against the effective slender- 
ness ratio. The slenderness ratios were sufficiently high to make 
the Euler curve applicable in all cases; it was, therefore, possible 
to include uprights of 24S-T alloy as well as of 75S~T alloy. 

The plot .indicates that formula (12) for estimating the effective 
slenderness ratio is somewhat conservative considering all tests, but 
a sufficient number of points lie so close to the curve that a less 
conservative formula doea not appear advisable. 

Forced crippling failure .- Test observation has shown that the 
shear buckles in the web will force buckling or crippling of the 
upright in the leg attached to the vob • The arnotmt of the forced 
crippling will obviously depend primarily on the relative sturdiness 
of the upright and the web . The simplest parameter expressing 
relative sturdiness is the ratio tg/t, and in reference 4 empirical 
formulas for allowable stress in the upright were given based on this 
parameter. Strength predictions based on these formulas, however, 
shoved a rather large scatter, which indicated that additional 
parameters were necessary to define the failing stress more accurately. 
A considerable reduction in the scatter was effected by U3ing the 

parameter k\|tjj/t instead of %/t, end at the same time using the 

maximum instead of the average stress in the uprights. (See 
formulas (13a) and ( 13 b) .) 
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Figure 22 is a plot of values of computed from the 

failing loads with the aid of the analysis chart, for all beams 
of 248-T alloy presumed to have failed by forced crippling. Omitted 
from the plot are three points for a series of three 10- inch beams 
which fell from 100 to 150 percent above the average curve . This 
discrepancy is so large that it justifies doubt3 as to the accuracy 
of the test data. It will be noted that all the points are fairly 
uniformly distributed about the average curve 


°o - 35 k'jyt 


(134) 


The curve recommended for design (formula 13a) , which is the lower 
edge of the scatter band, lies 20 percent below this curve. Only a 
single point lies appreciably below the design curve, and only five 
points lie distinctly above the upper edge of the band, which 
is 20 percent above the average curve. Two of these points are for 
beams having a value of k< 0.5; this range will be discussed 
presently . 


In accordance with formula (13c), an effective value of k was 
used when the actual value was below 0 .5 • It will be noted in 
figure 22 that the point for one of the three 80-inch beams which 
fell in this range lies considerably above the upper edge of the 
scatter band. For the beam represented by this high point, the 
ratio of actual to predicted failing load is above 1.4l; an exact 
value cannot be given because the actual failure was web failure, 
not upright failure, (it may be noted that the ratio 1.4l of actual 


to predicted failing load is appreciably less than the ratio 1.57 
obtained by comparing the plotted point for with the average 

curve for a u ma > because the relation between cr u mrx 6114 P is 

not linear.') Analysis of incomplete test data on a few 12-inch beans 


with TyV cr from 1.5 to 2.5 (at failure) indicated very close agree 

ment in some cases and nearly 50-percent cansorvativeness in other 
cases. These values Indicate that strength predictions for beams 


designed to fail at —— < 4 may be considerably more conservative 


cr 


than indicated by the upper edge of the scatter band in figure 22. 


Figure 23 shows that the available test data on beams of 
753-T alloy with single uprights agree with formula (13d) within the 
same scatter limits as those for 24S-T alloy. Figure 24 shows that 
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none of the points for double -upright beams fall below the recommended 
design curve for such beams (formula 13b) ; the average curve is given 
by 


0 o « 30k \|iu/t 


(I3e) 


which is about 14 percent lover than the corresponding value for 
single uprights given by formula ( 13 d) . 

General elastic instability of vob end stiffeners .- Experience 
with simple elements such as plates and stiffeners tested as 
individual columns has shown that elastic instability beginning at 
low stresses is not immediately followed by ultimate failure; the 
ultimate load may be several times the critical load. Only when 
elastic instability occurs at a fairly high stress does the ultimate 
failure follow soon after. 

A similar condition appears to exist regarding the general 
elastic instability of a web .with double stiffeners. Analysis of 
test data by means of existing theories of buckling of orthotropic 
plates has shown in a number of cases that the ultimate load was 
several times the calculated critical load. Because of experimental 
difficulties, very little effort has been made to determine experi- 
mentally the load at which instability begins. It should also be 
noted that existing theories have not dealt adequately with the 
problem of general elastic instability in web systems where the web 
has buckled between the stiffeners. 

Analysis of preliminary data on thick-web beams (h/t about 100) 
has indicated that perhaps some correlation between ultimate load 
and theoretical critical load may be established if the critical 
stress is definitely above the proportional limit of the material. 
Because web systems with these proportions have been studied very 
little, it is not possible to state at- present whether analysis for 
column failure and forced crippling failure automatically covers 
the possibility of general instability failure over the entire 
design range. 


NEB DESIGN 


Formula (l4) for the peak web stress T mx is simply a formula 

for linear interpolation between the limiting cases of pure shear 
(k = 0) and pure diagonal tension (k = 1 ) . The factor C 1 is 
defined by 


P _ 1. . 

1 ” sin 2a 


1 


( 22 ) 
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According to the theory of pure diagonal tension (reference 1) , 
the diagonal tension stress is 


2r 

a ~ sin 2a 


(23) 


According to formula (3), a ~ 4 C )° if the flanges and the uprights 
are infinitely large (e^ - = o) ) in this case, sin 2a = 1. 

The factor expresses, therefore, the excess stress caused 

"by a differing from 4-5°, as it will in any actual structure with 
members of finite sice. The factor Cp is similarly equivalent 
to the theoretical factor Cp given in reference 1. 

The allowable values for given in figure 14 were based 

chiefly on tests of long webs subjected to loads approximating pure 
shear (reference 15) . These tests showed that the ultimate value 
of T max was independent, of the rivet factor in the practical 

range (c^ > 0.6) as long as the bearing stresses did not exceed 
the allowable values. These tests yielded values of allowable 
stress at k = 0 and k = 0.3 as shown in figure 25 . (The test 
points shown represent the average of all tests over the range of 
rivet factor covered.) The allowable stresses at k = 1.0 were 
estimated as follows : For ful3.y developed diagonal tension, the 

tension stress in the web is given by formula ( 23 ); the ultimate 
nominal shear stress is therefore 


t » % sin 2a 


or somewhat less than c/2. This stress must be reduced to take 
into account the reduction of section caused by the presence of 
the rivet holes and the stress- concentration effects caused by 
these ho3.es. The combined effect of these two factors was 
estimated as 0.75 for 24S-? alloy and as 0.8l for 75S-T alloy, the 
latter having a smaller factor of stress concentration. 

Figure 25 shows also points obtained from tests on a square 
picture-frame jig (reference l6) . The higher stresses developed 
in this jig may have been higher because friction between the sheet 
and the frame angles relieved the riveted joint. The effect of 
friction can be quite high, but it should probab3Ly not be relied 
cn. to operate under service conditions. 
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In six 1TACA beam tests in which wet failure was predicted and 
observed, the ratio of actual to predicted failing load ranged 
from 0.95 to 1.06, with an average of 1.01. In six manufacturers' 
teBte, the ratio was 1.14 t 0.0 6. The allowable stresses obtained, 
from figure 14 are therefore somewhat conservative on the average. 
All these comparisons are based on actual material properties. The 
two premature web failures shown in table 2 were due to damage 
caused by shop accidents and should be disregarded. 


SI VET DESIGN 


Wb- to- flange rivets .- Failures of web-to-flange rivets were 
observed in five manufacturers ' tests. Mien actual rivet strengths 
as d.etermined by special tests were used a3 allowable values, the 
strengths developed in the beam tests ranged from 3 percent lower 
to l6 percent higher than predicted, with an average of 7 percent 
higher. When nominal rivet strengths were used as allowable 
strengths, the actual values ranged from 37 percent to 60 percent 
higher than predicted. These values reflect the well-known fact 
that nominal rivet strengths are usually quite conservative. 

Formula (15) for the load (por inch run) on the flange rivets 
is a formula for straight-line interpolation between the limiting 
cases k = 0 and 3c = 1.0. If the engineering theory of incomplete 
diagonal tension were interpreted, literally, separate rivet loads 
would be computed for the shear component -and the diagonal-tension 
component of the shear load, and these loads would be added 
vectorially. The resulting formula would be from 7 percent to 
9 percent less conservative than formula (lf>) in the range of the 
five tests under discussion. Consequently, if actual rivet strengths 
had been used as allowable strengths, the strength predictions 
based on this more rational formula would have been about 2 percent 
unconservative on the average and up to 12 percent unconservative 
in the extreme case'. The more rational formula is therefore 
unconservative by a sufficient margin to give preference to 
formula (15) • It should also be realized that the greater ration- 
ality is largely spurious } the engineering theory of incomplete 
diagonal tension claims only to represent the average stress 
condition in a bay, and these average conditions do not exist 
along the edges of the bay where the rivets are located. 

Web-to-uprirdit rivets .- Formula (16) for the rivet shear 
strength required in double uprights is a semiempirical formula 
and was taken from reference 17 • The tests described in the 
reference showed that the column strength developed does not depend 
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very critically on the rivot strength; figure 4 of the reference 
shove , for instance, that & r.o Auction of the rivet strength 
to 50 percent of the required value reduces the column strength 
on the average to 92 percent of the value obtainable vith adequate 
riveting. The average curve in this figure was used for evaluating 
the early NACA beam tests in which the rivet strengths were 
generally less than required by formula (l6) . 

Formulas (17) and (l3) for the required tensile strengths of 
the rivets represent an attempt to provide a criterion tor safe- 
guarding against a type of failure sometimes observed in tests. 

It is especially important for single uprights, because no 
criterion previously existed to determine the required rivet 
strong tli. Because no tests have been made no check specifically 
on this item, the available evidence is rather fragmentary and 
largely negative; that is, in most test3 no failures were observed 
(or at least none were recorded) • An additional difficulty is 
that rivet failures are often found after the failure of the beam, 
and it is then impossible to state whether the rivet failure was a 
primary one responsible for the beam failure or a secondary one 
that took place while the beam was failing for other reasons . In 
view of all these uncertainties, the coefficients given in 
formulas (17) and (lS) should be considered only as tentative values. 

For single uprights, the analysis was based on a total of 21 tests. 
Three failures were observed with the coefficient in formula 0 - 8 ) 
ranging from 0.10 to 0.13. No failures were observed In the 
remaining l8 boams, for which the coefficient ranged from 0.18 
to 0.31. There were only two tests in the range from O.lB to 0.22, 
however, the remaining l6 beams having coefficients above 0.22. ^ 

"Tie coefficient for the design formula was therefore taken as 0.22 
in order to be conservative . If more tests had been available in 
the range from 0 .13 to 0.18, a lower coefficient in the design 
formula might have been justified. Although the coefficient 0.22 
may appear to be more conservative than necessary if the tests are 
taken at face value, it is not considered to be unduly severe. All 
the manufacturer's beams analyzed fulfilled this criterion, and 
presumably they represented acceptable riveting practices. The 
lower rivet strengths incorporated in s. number of the NACA beams 
arose from the fact that these beams wore intended primarily for 
strain- gage tests to determine the diagonal- tension factor k. In 
order to accomodate the strain gages, the rivet pitch was increased 
in some cases; in othex- cases countersunk rivets were used which 
have a relatively low tensile strength. 

On beem3 with double uprights, two failures were observed with 
coefficients of 0.09 to 0.13. No failures were observed on four 
beams with coefficients above 0.12 and on two beams with coefficients 
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of 0.07 and 0.08. The suggested design coefficient of 0.15 is 
therefore probably conservative . Failures wore observed on several 
beams with coefficients ranging from 0.07 to 0 .<-7 , but the shear 
strengths of the rivets on these beams were from 25 to 75 percent 
below the strengths required by formula (l6) ; these failures were 
therefore attributed to shear rather than to tensile loads. 

Upright- to-flango rivets Although tests on a rather large 
number of beams were available for analysis, there were almost no 
records of failure in upright' to -flange rivets. This lack of 
failures cun probably be attributed to the use ot very conservative 
design formulas based on pure -diagonal -tension theory or slight 
modifications of this theory • In the NACA beams of scries XI 
and III, the excess strength arose from the fact that the boam 
flanges were used for a number of tests, and bolts instead, of 
rivets were employed for all flange connections in order to 
facilitate disassembly after a test. 

For beams with double uprights, one rivet failure was recorded. 
The existing nominal rivet strength was only about 5 percent below 
the required strength. The existing actual rivet strength was 
therefore probably well above the required strength, but the 
analysis was very uncertain because of a peculiar design feature 
(reinforced upright) • In three beams, no failures were recorded, 
although the existing nominal rivet strengths ranged from 0.47 
to 0.76 of the required strength; these values are so low that the 
existing actual rivet strengths were probably below the required 
strengths in at least two cases. The available evidence appears, 
therefore, to justify the conclusion that formula (19) for the 
rivet strength required on the ends of double uprights would 
generally be safe even if actual rivet strengths were used as 
allowable values. 

For beams with single uprights, there were two records of failure 
although the rivet strengths were appreciably greater than, required. 
The analyses were extremely uncertain, however, because several 
important dimensions of the beams were not given and had to be 
estimated or inferred. Against these two records of failure there 
are 13 records of successful joints in which the ratio of existing 
nominal rivet strength to required strength was less than unity, 
the two lowest ratios being 0.63 and 0.53- It appears therefore 
reasonably safe to draw the same conclusion as for double uprights , 
that is, that formula (20) would probably be safe, in general, oven 
if actual rivet strengths were used as allowable values. An 
appreciable margin of safety shoxild exist in practice because the 
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allowable strength values for rivets are likely to "be well "below 
the ac trial strengths. It might "be pointed out also that formulas (19) 
and (20) are inherently conservative because they neglect the gusset 
effect; however, this effect is small in many beams and may be 
overshadowed by unpredictable irregularities. 


SNCCNIAPY BINDING MOMENTS B T FLAGGS 


Experimental evidence on secondary bending stresses in the 
flanges is confined to a few measurements given in reference 3* 
Most of these measurements were made on beams with very flexible 
flanges beyond the range of efficient design and showed the. pre- 
dictions to be very conservative • In the range of normal flange 
flexibilities, the predictions wore somewhat conservative. 

Formula (21) is probably always conservative because it neglects 
the fact that a web in incomplete diagonal tension contributes to 
the section modulus of the beam flanges . 

HHFAN CTimiESS OF WEB 


The deflection of a cantilever beam is calculated by adding 
the so-called bonding deflection and the shear deflection according 
to the formula 


5 


?l2 , PL_ 

3EI h 0 tG c 


where G Q is the effective shear modulus given by figure 19* This 

effective shear modulus was calculated as follows: According to 

formula (4), the shear load S can be divided into a shear 
component and a diagonal-tension component. The total shear 
deflection is the sum of the deflections caused by these two 
components; the effective shear modulus for incomplete diagonal 
tension in therefore defined by the relation 


JL _ 1 - k Jc_ 

G e G G DT 




where G,. y p is the effective shear modulus of a web in pure 
diagonal tension. The value of Gjyp can be calculated by the 



MCA TIT No. 136 k 


33 


relatione given in reference 1. A convenient formula ■which can he 
derived from those relations is 

. o 

_ B sin a 

G m 3 2 


( 25 ) 


on tho simplifying assumption that tlv; beam flanges are sufficiently 
large to permit neglecting the strain claused "by the horizontal 

component of the diagonal- tension force# 


When t he web stresses erceocl the proportional limit, a corrected 


value G p must be used • A tentative curve for G e /G e was given in 
reference 4 . Tills curve was based on a small number of unpublished 
tests and is rather uncertain, fine e the shape of the stress -strain 
curve is know, to be quite variable wj th the wd. sting tolerances 
of composition of material and boat treatment, it is not likely 
that a high accuracy can be achieved in predicting deformations at 
stresses near or beyond the yield, stress. Fortunately, there appears 


to be no practical need for such accuracy. 


Figure 26 shows experimental 
beams of series I. The agreement 


.and calculated deflections 
is very satisfactory * 


for 


the 


Langley Memorial Aeronautical Labors lory 

national Advisory Committee for Aeronautics 
Langley Field, Ya., April 2, 1947 



34 


ITACA TN No. 1364 


REFERENCES 


1. Wagner, Herbert: Flat Sheet Metal Girders with Very Thin 

Metal Web. Part I - General Theories and Assumptions . 

NACA TM No. 6o4, 1931* 

Wagner, Herbert: Flat Sheet Metal Girders with Vary Thin 

Metal Web. Part II - Sheet Metal Girders with Spars 
Resistant to Bending. Oblique Uprights - Stiffness. 

NACA TM No . 605, 1931* 

Wagner, Herbert: Flat Sheet Metal Girders with Very Thin 

Metal Web. Part III - Sheet Metal Girders with Spars 
Resistant to Bending. The Stress in Uprights - Diagonal 
Tension Fields. NACA TM No. 6 o 6 , 1931 • 

2. Denke, Paul H.: Strain Energy Analysis of Incomplete Tension 

Field Web -Stiffener Combinations. Jour. Aero. Sci., vol. II, 
no. 1, Jan. 1944, pp, 25-40 . 

3* Kuhn, Paul: Investigations on the Incompletely Developed 

Plane Diagonal-Tension Field. NACA Rop. No. 697, 1940. 

4. Kuhn, Paul, and Chiarito, Patrick T.: The Strength of Plane 

Web Systems in Incomplete Diagonal Tension. NACA ARR, 

Aug. 1942. 

5. Levy, Samuel, Fienup, Kenneth L., and Woolley, Ruth M.: Analysis 

of Square Shear Web above Buckling Load. NACA TN No. 962, 

1945 . 

6 . Levy , Samuel, Woolley, Ruth M., and Corrick, Josephine N.: 

Analysis of Deep Rectangular Shear Web above Buckling Load. 
NACA IN No. 1009, 1946. 

7 . Peterson, James P.: Strain Measurements and Strength Tests 

of 2S-Inch Diagonal -Tension Beams with Single Uprights. 

NACA ARE No. L5J02a, 1945. 

8 . Peterson, James P . : Strain Measurements and Strength Tests 

of 25 -Inch Diagonal-Tension Beams of 75S-T Aluminum Alloy. 
NACA TN No. 1058, 1946. 

9* Timoshenko, S.: Theory of Elastic Stability. McGraw-Hill 

Book Co . , Inc . , 1936 . 



BACA Til Ho. 1364 


35 


10. Leggett, D. M. A.: The Buckling of a Square Panel under Shear 

i/hen One Pair of Opposite Edges is Clamped, and the Other 
Pair is Simply Supported. E. & M. Ho. 1991, British A.E.C., 
1941 . 

11. Iguchi, S. : Pie Knickung dor rechteckigen Platte durch 

Schubkraf be • Ing.-Archiv, 3d. IX, Heft 1, Fob. 1934, pp* 1-12. 

12. Smith, R. C. T.: The Buckling of Plywood Plates in Shear. 

Rep. SM. 51, Council for Sci. and Ind. Res., Div. Aero., 
Commonwealth of Australia, Aug. 1945* 


13 . Kromm, A.: Stabilitat von homogenen flatten und Schalen im 

elastischen Bereich. Pingbuch der Lux' tf dirt, technik , 

3d. II, rt. A10, May 1940. 

14. Lahde , R . , and Wagner, H.: Tests for the Determination of 

the Stress Condition in Tension Fields. WACA TMHo. 809, 

1938 . 

15. Levin, L. Ross, and Kelson, David E. : Effect of Rivet or Bolt Holes 

on the Ultimate Strength Developed "by 24:>T and Ale lad 75S-T 
Sheet in Incomplete Diagonal Tension. IiACA TN Ho. 1177 > 

1947 • 

16. Kuhn, Paul: Ultimate Stresses Developed by 243-T Sheet in 

Inccanoleto Diagonal Tension. KACA HI Ho. B 33 > 1941. 

17. Kuhn, Paul, and Moggio, Edwin M. : The Longitudinal Shear 

Strength Required in Double-Angle Columns of 24S-T Aluminum 
Alloy. KACA KB IIo. 3208 , 1943* 




OF TEST BEAMS 


NACA TN No 


1364 


36 


Material 

Upright 

3333333333333333333333 ^R^^R^iR^3 333 

cSwCUCUCJWWWCVlCVJOJCVJCVJCUCViaJCyCVlCVJOiCVJCVJt— t— t’-C’-t—t-t—^-CVlCUWOJ 

■O’d'O’O^S'd'O*^ 

55553355 

oooooooo 

HHHHHHrHH 

^ ! 
5 

i 

33333333 £33 3 33 33333333 Ift&ik&ikRijft 1R3 333 

WWWwS^WHWWWW WWWWOIWWWCJ 

33353335 

33333333 

1 

o ’rHHiHH HHHWWHWWHHHWCJHHCMHHHHHHH 

to 

s>tl~ - 

rH w ^ 

VOVOVONQVOVDVOVOVqvqvqvO VO _ VO VO VO VO VO VO ^ 

Jt HrlrlrlHHHHrl 

oonooncomnr^H ro iH rOfOH «H n H H roH ro<^»#-i 

XXXXXXXXXXXXXXXXXXXXXXXXXXXXXX 

CM CM^OOf^mcMCUCVlCUCMCJOJCMCUCVCVICviCMCMCMCMCMCMOJCMCMOJCVlCJ '^ ys ' 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx 

OJOJ^^^^CMCVlCViCJCUCJOJCUCVJOJCMCVIOJOJtNJOJCJCyCUOiWCUCMCVJ 

Q i 

o * 

P 

< 

Is 

gSSS»S»KSSS»S5R»ft8§£9ia||?3§S»?§? 

O rH 

«PI3 

ESS*»S*»SESSI««EfSSSSSSS|S3.i?aaS? 

O «“* 

^ O’ 

a 

qn^t-4- m n m ^ rn O J On VO H £<£ ^ ^ iv t! O 8 "j^v^l <£'£- 0? 

o H 

j*! 

© 

8**Bssssaati§8Ssa588|??5S?sia5?§5? 

o HHH 


ooooooooooooqoooqoooqqqooooooqooqo 

dddddddoddddddddqqdqooqqooqirv^q^fficgcq 

43 i 

ff||!lllll|liffi§fli?fllsllf l«al|§ 

o 

J i 

vDVOvOVDVDvX)ONO\(hO\^ONO\on^r>cn^rnnr»rorn^ror^^roroqqMnM 

CJ^ 0J CO CMCOCViC'JCVlOJOiOJOJCyCVOJCMCMCVICViCVlCMCMCMVO Vo Qj VO 

* i 

0 O ^ ^-^^0 qqqqqq^^^r.^r^qnqqnqqqqqq^t;^^ 

S353iiff&^cfcfcfw5ww wwwwwSwSwSw W W W PPPP 

© 

98a35598RSRS&a8RS8«P8*a§»s Rspsasas 

H H H H H H H 1 • 


i 

3 

00 

§ 


U 

$ 


rH 

■3 



© 

3 


a 


s 


p 

& 




HATICRAL ADVISORY 
COMMITTEE TO R AIBCHAUTICS 



37 


NACA TN No. 1364 


i"- £ 

8 ! gaSS'gftS'S :^S«R8^8^SR38B{38«S8S:^§o 

H 1 ’ HHHHHHH ! r( 1-1 H HH rlHHrl r4 H H 

J'- 3 

r4 ’ ’rHHHrHHHHHH H H rtHHrlHH rH r-»rHr-t 

II 

O «rt 

® «J 
8 * 

III II III II I If 

lbl!lMMilti^*MW*|Hs!!s*!*w 

oo.oo o| 1 1 || ||| u !!“ ! !| 

Pm Pm ►< P>4 ►< F* h h ^ 

Predicted P ult 

<0 

wft ^ 

* a ^ 

t- t-y) wwo|otf\o\OJr-QH\to-#ojcot-&t-w ° o« r ? v o 

aa*aaasai99a!;asa4s4««a^« h aa3ss9g§5^ 

OJ S- 

* fi £ 

.oo^oo^PSSSSc; i i i i ; i i i i j j i» \ -<? i \ \ 

sjessa^-^^ff i ■ • i i i i • • i i i»i« s ig!Si 

o 

H ft - 
Q- Ti C 

w W 

\£) vq o VO NO ND S 'S' S w COCO fOVO t — t— ON ON ON f'O t'j' o on CO ^7^ 



5'2gffiffi8«S5? ££ 5 3 £ p plig ®P P&® 

o 

H j 3 

,_ t-CO H <2 

O t-MAOW OOOOOOOunOrloO O O H OM3 t^-VO lAU^^OCO O-^ O 

® a Kiipf | r -'°'° 


HHCOOO^HV£)OW-^Ht-^OiAt^J'^'^VOH ChCO O ^ *0 

hw J,jHHOJOJCJ(MWWOJ CM iHOJCJOJ CJ rHrHCVl iHi— IHCUCVI rH*HW *H OJ W rH 

■p 'io 

p?I 

jf (AO (^IH t^OO mvoco ON O t— CJ On iTN mND t — CJ t^-lACO roiA-^ UACJ *>■ 

Calculated 

T C r 

(kai) 

8*$$$5SSS^§s883SSSS3 

WH H ^ro^cvi 

9 

8 

m 

aa&JflaaftSfcseaaasiMSpaaaaasft® eaaae.3 
s s s s 3 $£$£$££&££&&&£$$£?£ W???£W 

^AHHHAAAHHHHjHEEEECKKESRKfiKKKKfcfc&fc 

H H H H H H H H 


& 

£ 


3 

5 


A . «H 

• ■s 

H 

(1. 

5 0 


fi a* 


;IS!S 

iSBCIiS 
& -at* s £ 

c ® o ft 

> rH 

£ 8 3 . . a 

J&H 

h fa I . 

O O O ft - 

W'ivrfs?' 


B 

Si 




NACA TN No. 1364 


Figs. 1-4 
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(q) Nonbuckled ("shear- resistant") web. 


Figure b State of 



(b) Pure diagonal -tension web. 
stress in a beam web. 





Figure 2- Resolution of web stresses at different stages of 


diagonal tension. 



Figure 3.- Assumed distribution of (vertical) 
normal stress in web immedi- 
ately after buckling. 

- 3 ?- 


Figure 4.- Diagonal-tension beam 
with flexible flanges. 
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Fig. 6 
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Figure 6.- Buckling 
simply 
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stresses t cr for plates with 
supported edges. E= 10,600 


ksi. (To left of dashed line, curves 
apply only to 24S'T aluminum alloy.) 
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Fig. 8 



Figure 8 - Diagonal-tension analysis chart (straight scale). 



Fig. 9 
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Figure 14.- Allowable values of nominal web shear stress. 
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Fig. 15 



Fig. 16a 
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4iq m @ 5.4 lb/ft 

40-incb beams - senes I 



>P 

25-incb beams - series I, IF25-6S and II-25-9S 



25-incb beams ser ies 1 1 and III 


(a) General dimensions of test beams of series I, 11, and 111. 
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Figure 16.- Dimensions of test beams. 
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Fig. 16b 


.128 


- - 125 


- - .125 


~r .064 


I 40 -ID 
A u = 0.336 


l \ 

1-35 -3D 

a ,, = 


l 40 -ZD and J-40-3D I~40~4D 

0.364 0.353 


3 5 -ID and 135 -ZD 
0.1Z3 


-\-.065 


-j |-. 062 ,Jh/4\5 

'1.43 56 


Z 

L-Z5-4D 
0. 114 


! 5 

~3 ' 

1-Z5-5D 
0.2 69 

Series I 


1 h .034 


jiif 6 

i - 

I-25-6D 
0.4 06 


\-040 
^ ~\ _/ *■ 


I-Z5-7D 

0.101 


HH 7 J' 


JL.l ^ 3 

u 3 
4 

n-zs-is 
A. =0.212 


Jv o&z Mh, 


f.0?3 i 
< 3 


1 — 1 ~~ 1 — u / - J 

11-25 -2 S H-25-JS H-25-45 

0.195 0.155 0.1Z1 

_ 3 _ _ J _ 

4 


L ~ ~ 75 . 

1 6 

U -25-5 5 
0.194 


3-Z5-6S 

a. = a4/4 


3 _ 
r 4 

1 r "1 


L ^ J 1 

4 

U-Z5 -75 
0.106 


4r .04 i 


4 

n-ZS-85 

0.109 


Series II 


- l - 

H-Z5-9S 

0./56 


& I'll 5 


M. J 

4 

m-zs-is 

A • 0./6>5 


'h-.(964 


"’l 3 ! ■ 

4 

LU-Z5-Z5 and 111-15-35 
0.1 OS 


5 4-044 


U 4-. 049 

sz i__ 

i * ■' -* 


L Af 
16 

EJ-Z5-4D 

0136 

\~~.031 


/// -45 -55 
:: ! 704 


5 

111 ZS-GD 
0.107 


LU-Z5-7D 

C. IOC 


Series LH 


IH ZS 85 
0153 


(b) Dimensions of uprights of test beams of 


series l, 11, and 
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Figure 16.- Conlinuod. _ u 8* - 



Fig. 16c 
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General dimensions of test beams 



IV-72-1 IV72-2 IV-72-3 IV-72-4 

A - 0762 1.137 1.176 1.092 

u 

Dimensions of apriqbts 
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(c) Dimensions of test beams and uprights of series IV. 
Figure 16.- Concluded. 
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Figure 17" Stresses in uprights of test beams. 
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Fig. 17c 
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Fig. 22 
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Figure 22.- Stresses in single uprights of 24S~T aluminum alloy at failure 
caused by forced crippling. Symbols with tails denote webs 
with k<0.5. 
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Figs. 23,24 



Figure 23.' Stresses in single uprights of 75S'T aluminum alloy 
at failure caused by forced crippling. 
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Figure ?Ar Stresses in double uprights at failure caused by 

forced crippling. Symbols with tails denote webs 

with k< 0.6. 








Fig. 25 
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Figure 25.- Stresses in shear webs at failure. (Stresses at k = 1.0 were estimated 
from tension tests.) 
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Fig. 26 



Figure 26.- Deflection of series I beams. 











